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PART I 
A GENERAL MODEL OF THE VER'riCAL DISTRIBUTION OF 
PRIMARY PRODUCTIVITY IN THE OCEANS 
A general mathematical equation relating variables affecting 
primary production has been developed to predict changes .in the 
vertical distribution of primary production in the oceans. rrbe 
model is tested and 2hown to fi i;. .. empirical observations from diverse 
oceanic areas. 
INTRODUC'J'ION 
~~e major objective of this work has been to develop a better 
understanding of the factors affecting vertical differences in 
·photosynthetic productions in marine waters. In this study a 
model of primary productivity in the ocean with special emphasis 
on vertical changes is developed and tested. The model provides 
close fits to observed vertical distributions of primary 
productivity in diverse localities. Previous theoretical 
models lacked consistency in the units of production used or 
were inadequate for predicting observed vertical differences in 
primary production. The mathematical model developed herein has 
·eliminated these drawbacks. Previously, vertical changes in 
primary production could not be predicted and a set of in situ 
measurements at various depths were necessary, With the model 
presented, it is possible to determine vertical production in the 
euphotic zone and compensation depth from a limited set of 
observations at the surface. This can considerably increase the 
amount of work that can be done in studies of primary productivity 
in the ocean. In conjunction with the development of the 
mathematical model, various pertinent literature on phytoplanktqn 
ecology is reviewed. · 
The development of a more precise theoretical approach to the 
study of primary productivity is essential for prediction of 
seasonal changes in productivity in any coastal area. Various 
basic information and models involving parameters affecting 
primary procJl.vct;ivity in 'l'omales Bay are presented, and an 
.' ~· 
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initial estimate of summer primary production is included. 
Lack of appropriate equipment precluded estimation on seasonal 
changes in primary production in the bay. The material 
presented 1·rill be of use whenever a detailed study of phytoplankton 
dynamics in Tomales Bay is attempted in the future. 
A MODEL OF PRIJVLI\.RY PRODUCTIVITY ----·--.... --·--------
In this section a new model of primary productivity is proposed 
based on revisions of models suggested by Riley (1949) and 
Steele ( 1956). Both workers related primary procl;~;~ion to five 
. . ·.:· .• 
variables; incident radiation'· temperature,: 've~ticai eddy diffusivi ty, 
w·ate:r transparency, s.::1d m:.cJrient· levels. However, only the first 
three variables can be justified as basic, or independent, factors. 
Nu+;r·:i.ent level~; can be affected b~r biological processes in the 
phytoplankton. ':Vhis is also true for transparency, which can be 
affec·ted by phyt_oplankton concentrations. Therefore, ideally, 
mathematical expressions for primary production should treat 
nutrient concentration and transparency as functions of phytoplankton 
concentration. 
PREVIOUS MODELS 
In his study, Riley ( 1949), made the following asr~umptions: 
a. chlorophyll a concentration is proportional to plant carbon 
so that the chlorophyll maxim.1.un corres;ponds to ma...'<imma plant 
concentrat1on. 
b. ph~toayntheti~ rates ere proportional to Jight intensity 
c. grazing rate of herbivores is as swned to be the same at all 
depths. 
Another assumption would have to be included for enclosed bodies 
of water such as Tomales Bay. Thus, it must be assumed that 
phytoplankton concentrations are uniform within the euphotic zone 
because of mixing due to tidal action, namely tidal currents. 
In the present model, equations are developed relating 
pho~osynthetic production to light, temperature, respiratory 
activity, nutrient levels, sinking rate of phytoplankton, vertical 
eddy_ diffusivity and grazing. The model developed takes into 
E-.ccount observations by Ryther ( 1956) on relative photosynthetic 
.r&:tes as a. ftmction cf depth. Ryther1s measurements showed that 
relative photosynthetic rates varied according to the relationship 
shmm in F:Lg. L On clear sunny days photosynthesis increased to a 
m:n;:immn' at int·::rmediate depths and declin<7d thereafter. The 
photosynthetic maximum corresponded with depths in which 50-25% 
of incident rad.iation penetrated. Hmvever, on cloudy days, 
photosythesis was maximum at the surface. Both the models of 
Riley (1949) and Steele (1956) do not rredic~a maximum.P-~otosynt~~ti~ 
rate belovr the surface at high light iritens~. Thus, an 
expression fitting Steeman-Nielsens empirical findings is required. 
Several other models have various defects. Ryther and 
Yentsch (1957) deduced a. formula ·;;.rhich estiwated gross production 
from information on incident light,the extinction coefficient and 
the chlorophyll a concentrations. The mq.in disavantage of this 
method is that a fixed lir(ht. to pbotosynthesi::; relatiom.:hip does 
vary:i..ng ligfJt i.ntens:l.t5.c.::~::: l or-·r_). ·~' ~} ·"" . 
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Secondly, use of chlorophyll as a measure of phytoplankton 
bi.omass or numbers, depen0-s upon the ratio of organic carbon 
(or dry w·eight) to chlorophyll in the plants. Unfortunately, 
.the estimates for carbon/chlorophyll ratios vary rather widely 
between ranges of 4:1 to 150:1 (Steele, 1959). This suggests 
that chlorophyll measurements are unreliable estimates of 
phytoplankton concentrations unless detailed carbon/chlorophyll 
estimates are made for particular areas at particular times, 
and for particular species. Furthermore, Ryther and Yentsch 
(1957) assumed a linear relationship between daily photo-
I 
synthesis·and radiation, whereas Ryther (1956) had previously 
measured photosynthetic rates with respect to light intensity 
and. shown a nearly· exponential relationship( Fig. 2) • Finally, 
Ryt.hPr axJd. Yf.::ntsch (1957) apparently confused units of 
production. l'hey pro~l_)osed the relation, 
P = (R/K)C•3.7 
where 
p photosynthesis of phytoplankton in g.Carbon/m2/day 
n = relative photosyntheSis for appropriate value of 
surface radiation 
K = extinction coefficent 
c g. chlorophyll /m3 in a sample of a homogeneously 
distributed population 
3.7 the number of grams of carbon ~sstmilated per hour 
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Relative Photosynthesis 
Figure 1. Integrated daily relative photosynthesis from the 
su:r.·face to depth of penetration of 1% of the surface light 
at different times of the year. Dotted line represents res-
piration where the ratio of pf:.,:,.l.,osynthesis to respiration 
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Surface radiation ( g ,cal/m2/ day) 
Figure 2. The relationship between total daily surface 
radiation and daily relative photosynthesis within the 
euphotic zone. 
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Inspection of this equation shows the left side to be in units 
of g C/n?/day. However, the right side i's in units of gC/m2/hour. 
The source of this confusion is unknown. Lastly, the model does 
not take into account nutrient limitation. 
Riley (1949) proposed the relation, 
where 
A = a constant 
Ph = a photosynthetic coefficent (but not in units 
noted by Riley) . 
Io = incident radiation 
K = extinction coefficient of visible light 
z1 = an arb:!. trarily defined depth of the euphotic zone 
In this, model, light intensity was improperly linearly related 
to photosynthetic production and inhibition of' photosynthesis at 
high light intensities was not considerecl, even though this latter 
phenomenon has been clearly demonstrated in all measurements of 
photosynthesis. (Marshall and Orr, 1928; Steeman-Nielsen,l952). 
Moreover? the units of photosynthesis are unknown, since the 
undefined constant, A.) is used. Thus, production is given in 
units of light inten·sity, which is difficult to understand. 
-9-
Steele (1963) proposed the following model, 
P :..~ 0.48•I•exp (-I/Im) (g C/g chlorophyll/hour) 
where I is the average incident light intensity and Im is the 
light intensity at which photosynthesis is a maximum. Thus, 
variations in light adaptation are incorporated into changing 
va.lues of Im. This is an improvement over the models cited above, 
especially since the system of units used is clear. However, 
several disadvantages still exist. This expression would still 
show a production maximum at the surface in contradiction to 
observation (Fig,l) and Steele's own assumption that photosynthesis 
is proportional to light intensity except at high light inten,sities 
where there is' some inhi.bi tion. Furthermore, there is confu.sion 
about the defin:i.tion of Im. As suggested in F'ig. 2, there can 
only be one photoGynthetic maximum. This means that Im must be 
constant, so that the whole expression on the right above is a 
constant. Again, nutrient limitation is not considered. This 
is an important variable. Wright (1960) showed that variation 
in optimum photosynthesis on a cell volume basis is similar to 
changes in chlorophyll per unit cell volume. Decrease in the 
latter is caused by nutrient limitation. Fleischer (1935) also 
found that the carbon/chlorophyll ratio varied with effects of 
nutrient deficiency. Steele (1962) stated that decreasing 
chlorophyll content of cells 1d th increasing nutrient limit.ation 
is an obvious feature of ageing pla.nt cul t·ures. Thus, nutrient 
limiting functions should be incorporated into productivity 
models. 
-10-· 





Pd 2 = Rd2·Cd2·A2 
photosynthesis for a 2-hr increment of 
daylight period at depth d (as gC m-3 '2hr·~l ) 
relative photosynthesis for a 2-hr increment 
at depth d (as R m-'3 ( 2hr) _l ) 
chlorophyll a concentration for 2-hr increment 
at depth a (as g·chl a m3) 
A2 Maximum photosynthesis/chlorophyll ratio for 
a 2-hr increment (as gC hr-1 (g chl a)-1 at 
light saturation, A2 is the assimilation number.) 
Ther1odel1.s CLmodification of Ryther and Yensch 1 s (1957) model. 
It inherited all the criginal disadvantages with no correction. 
For instance, the units of production rem.ain unclear. Inspection 
of the equation sho-vrs the left side to be in units of gcm-3(2hr)-l. 
Hovever, the right side is in units of gC (hr)-1 (2hr)-1m-6. 
The source of this confusion comes mainly from the misuse of units 
. of the relative photosynthetic coefficient, Rd2:. Also, the known 
adaptatio:::1 of photoplankton to ya:rying light intensities is not 
taken into account. The only improvement that has been made is the 
inclusion of a flexible term for the Carbon/Chlorophyll ratio. 
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Gilmartin (1965) formulated an equation of primary productivity 
using in-situ oxygen change as an indicator for estimating the 
primary production in a British Columbia F,iord. The equation 
is as follows; 
Where 
Dc=D~(l/k(P~R) ·A •D) 
De - change in amount of fixed carbon (gC/m3) 
K constant to convert oxygen to equivalent 
fixed carbon (gC/ml. o2) 
P amount of photosynthetically produced oxygen. 
(ml o2;m3) 
R amount of .oxygen consumed by all direct and 
:cespir~J,tory oxidative processes. (ntl/m3) . 
A net transport of OX'Jgen into or out of the 
fjord. (ml/m3) • 
D net diff:usion of oxygen across the air-sea 
interface. (ml/m3). 
This is an efficient way to estimate primary productivity if 
we can assume to have no oxygen exchanges between the air water 
surface in the period of measurement. That is, if it is assumed 
that net diffusion on oxygen and transport of oxygen equals zero. 
Otherwise, this model includes error due to extra oxygen entering 
the area from outside and involves estimating total oxygen in the 
water instead of fixed carbon. Furthermore, the units are confused. 
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The left side of the equation is in "Lmi ts of grams carbon per m3, 
whereas the right side is in grams carbon per m3 times m.l of 02 
involved :i.n transport. 
'I'he following correction would avoid this confusion. 
Where 
De= Dt•(l/k•( P-R-A-D) 
P - final reading of 02 production in the period of 
observation. 
R - remains the same. 
A~D remain the srune. 
·.,.) 
A . NEH MODE!., OF PRIMARY PRODUCTION 
'I'he imp:r.ove::nent of in-situ measurements of primary production 
in marii1e envi.roments has expanded our views on basic production 
properties of many 1vaters. The need to study new areas of the 
oceans creates the methodological question of how to restrict 
indiv:idual measurements to that minimum number which still gives 
a sufficiently reliable estimate of photosynthesis at various 
depths. The model presented shows what kinds of parameters have 
to be knmm and what 11as to be done under d.ifferent conditions with 
measurement. A number of models have been cri.ticized previously. 
The following contribution iG an enlargement of basic concepts with 
the aim of discussing the principles needed in calculating daily and 
seasonal photosynthesis at various depths. 'I'he model takes into 
··13-
Predictions from the model are compared with various in-situ 
measurements from published data. The following expression for 
total photosynthesis (Pp), in units of mg.C assimilated per 
hour beneath a square meter of sea surface for homogenously 
distributed phytoplankton has .been developed: 
where 
1vhere 
Pp = Photosynthetic production in .mgC/m3/hr. 
Iz = Light intensity at depth z in foot candles. 
a = Light intensity at maximum photosynthesis 
in foot car./\J.es 




. Light sensitivity coefficient of phy-':;oplankton 
to high light intensity. 
Light sensitivity coefficient to low light 
intensity. 
Growth coefficient as a function of nutrient 
cor~centration at fixed light intensity in 
gmC/T/mg-chl·a/hr. 
Kn=bf(n)P/I 
f(n)= nutrient levels, varying from 0--I, expressed 
as a relative proportion. 
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P = Photosynthetic production at light intensity I 
in gC/m3 
I = Light intensity at 1vhich Kn is experimentally 
determined. 
A = chlorophyll concentration in mg.chl a/m3 
Equation I produces the curves shown in.Fi.g. 1 depending upon 
the values of the variable Iz inserted in the equation. Iz decreases 
·wit~l depth, and, as it approaches the constant a, the expression; 
exp(- (Iz-a)2 I (I·Iz•c)) approaches a maximum value. As Iz 
continues to decrease below a, the value of the exponent in 
equation I decreases. However, if incident radiation is so weak, 
such that Iz is smaller than a at the surface, then no maximum 
will be reached) and the exponent part of equation I will always 
decrease· with d•;;};th ·a~:; in the left hand curve in Fig. J.. 
Adjustm~X!t of a, the light intensity at maximum photosynthesis in 
equationi, can better predict response of different species of 
phYtoplankton to photosynthetic saturation at different light 
intensities. Ryther (1956) investigated a considerable number 
of species of various groups of phytoplankton, and noted the 
following general results; the green algae (Chlorophyta), 
including Du...'"l.aliella, Stichococcus, "Platymonas_ and Nannochloris, 
were saturated at 500-750 foot candles. The dinoflagellates, 
including Gynmodinum, Exuviella and Amphidinium, w·ere saturated 
at higher intensities of about 2500-3000 foot candles. 
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At intensities of 8000-10,000 fc, comparable to full noon sunshine, 
the photosynthetic rate in chlorophytes ~as 5-10% of the saturation 
rate, in dinoflagellates it Has 20-30% and for diatoms it 1vas 
12-15% of the saturation rate. In the above cases, equation 1 can 
adequately express these relations by ad .. justment of different 
light intensities at photosynthetic saturation. This is shOim 
in Fig. 3. 
Different species have different responses to light intensity 
as designated by the light sensitivity coefficients. This light 
sensitivity coefficient includes two parts, Cl and Cd. Cl is 
the light sensitivity coefficient for phytoplankton sensitive 
to high light intensities. Cd is the light sensitivity 
coefficient for the phytoplankton sensitive to lOi-T light 
intensi.ties,. particul::=::.rly for those species adapted to shade. 
Verificaf:ion, of the Iviodel 
Five in situ examples~ picked from different areas, have been 
used to test the accuracy of the model presented. Included are 
determinations of growth coefficients, photoperiod and the 
sensitivity constants. Other data are obtained from the public-
ations used. The following sources of data have been used for 
verification of the model. Details of one calculation are 
inc J.uded. 



















- 0 __. 0,1 O,c. 
--
1_...--.J ____ " --.......L1----= L- _ ___._7-~-0. 8 0. 9 
--- 0 6 °· ---· 5 • 0 ·-
































0.0 --~'~--~·~--~'~~--~·~--~·~--~·~--~0~.~~---~~·-----:t-· 0.2 0.3 0.4 0.5 0.6 0.7 0.9 
Relative Photosynthesis 
Figure 4. "Selat:i.ve photos;rnthesis as a function of li.crht intensity for 
s~~~ratio~ light inte~sity of d000 f.c. and differerit values · 
of the sensitivity coefficient (C). 
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Reference Location Date __ .. ____ 
1. Steeman-Nielsen(l958) Kattegat,Denmark May, 1954 
2, Steeman-Nielsen(l958) Kattegat,Denmark Dec. ,1954 
3. Ryther (1960) Sargasso Sea 1960 
4. Nielsen (1959) South China Sea May 1957 
5. Nielsen (1954) off Loanda,West 1952 
Africa 
The Procedure of Estimation ----
The detailed description of the calculations made are 
shown below using data from Steeman-Nielsen (1958)(Table 1). 
The determination of surface light intensity was based on 
Harvey 1 z, (1955} estimate that the intensity at noon on a sunny 
summer day is e,pproximately 12000 f. c. arid about 2500 f. c. on 
, a winter day at noon in bright sunshine. Using these figures 
it .is cre.asonahle io assume that on sunny q.ays surface light 
intensity •rill vary between 12000 f. c. and 2500 f. c during the 
year. In the following example calculation the surface light 
intensity is assumed to be 10000 f.c. 
In order to estimate changes of light intensity with depth 
it is first necessary to calculate the extinction coefficient. 
This is obtained from the observed depth of the euphotic zone 
indicated from the available data for a particular locality. 
Ryther ( 1963) noted that the low·er limit of the euphotic zone is 
aclequately determined from the depth at which 1% of the incident 
visible radiation penetrates. 
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The saturation light intensity can now be determined. In 
Ta.ble l it is observed that the maximum productivity· occured at 
a depth of 6.4 meters, at which the estimated light intensity is 
3219 f.c. 
The t·wo light sensi ti vi ty coefficient.s can now be determined. 
Cl, the sensitivity to high light intensities is calculated by 
adjusting it to fit the production ratio between surface and 
saturation depth. In this case the saturation production is 14.93 
gmC/day and surface production is 2.89 gmC/day as given in the 
data (Table 1 column 2). The ratio of surface to saturation 
depth production is 0.19357. 
Cl can now be solved from the equation 
The variables'· irr the above equation have been defined previously 
·,,, 
(equation l). Values in this case are, I
2 
= 10000, a= 3219, 
and I = 1000. Solution gives a value of Cl = 2.8. 
Cd, the light sensitivity coefficient for darkness is 
cal-culated by adjusting it to fit the production ratio between 
the lower depth limit of the euphotic zone and saturation depth. 
Thus, the ratio is 0.27/14.93 as obtained in Table 1, column 2. 
This is equal to 0.01808. Cd is solved from the equation 
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Using the above assumed figures, the light at a particular 
depth, Iz is given by the relation 
where I
0 
is the assumed inc.ident radiation at the surface, z is 
depth and a is the extinction coefficient. 
In the present example the extinction coefficient is 
determined as :follows. The lower ·limit of the euphotic zone is 
obtained from the data in Table 1. This is the depth at which 
productivity is zero, that is 26 meters. As noted, 1% of 
the incident light penetrates to this depth. Therefore, 
I /I = e~a4 =· 0 01 z 0 • 
-az ln .01 = 
a = -ln.Ol ----z = 4.60517 ~- = 0.17712 
Once the extinction coefficient has been calculated it is 
now possible to determine the light intensity at each depth, 
since the relation is now 
I = I e -o.l7712z 
z 0 
We assume an incident light intensity of 10000 f.c. Thus, 
Iz = lOOOOe -O.l7712z 
and Iz can be determined by entering values of z in the above 
equation. The light intensities thus calculated are shown in 
column 1 of Table 1. 
In particular, for a depth of 2 meters 
I = lOOOOe - 0 ·17712 · 2 = 7017 f z . .c. 
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Values of I I and a a e as abo·re. In this exanrole Cd = 24 . 3 . z 
Photoperiod is determined from an equation derived and 
described in Appendix I. For the latitude and date indicated in 
the source of the data in Table 1 , 
Photoperiod (lm) = 12 .10 + 2 . 65(1/59 .2 (148- 80»= 14 . 55 hrs. 
The growth rate Kn is determined from the relation 
where Pp is the maxiMum daily production obtained from the data, 
the other variable being as before . In this case Kn=O . Ol493 
gm/day/I/mg chlorophyll a . This is divided by the photoperiod to 
obtain values per hour . Thus Kn = 0 . 00102 gm.C/hr/1/mg Chlorophyll a . 
Now all the constants in the model have been determined . This 
can now be entered into equation (1) to calculate expected values 
of Pp at different depths . For this example these are shown in 
column 3 of Table 1 . The accuracy of the fit of the model to the 
observed data was calculated by summing absolute differences between 
model predictions and measurements and dividing by the number of 
measurements . In this instance the accuracy is ~ 0 . 40 mgC/m3/day . 
The calculation f'rom the model are very close to observed 
results . . 
The data ar.d the results calculated from the Clodel are sun-
nariz£d in Tables 1 - 5 and Figures 5 - &. SU!!:!!lB.ries of the con-
....... ... .. ~ 
fit of he cdel to e·::r::>irical oo.~crva.~io :s are inclt:d cl at t .. ~ 






PRIIv1ARY PRODUCTION IN KATTEGAT, DENMARK RECORDED ON 
JI.'T.AY 8, 195q.. DATA FROM STEEMA.N-:NIELSEN ( 1958) 
2 3 4 
Light Intensity Primary Production Primary Production 
(meters) (foot candles) (mgC/m3/day) · Calculated using 
Model· 
0 10000 2.89 2.89 
2 7017 8.80 7.16 
4 4923 12.93 12.09 
5 4125 14.133 13.90 
6,4 3219 14.93 14.93 
7 2894 14.80 14 .. 90 
8 2424 14.66 14.77 
10 1701 13.60 14.11 
. 
. 15 702 9.20 10.29 
20 289 4.40 4.39 
25 119 0.53 0.53 
26 100 0 0.27 
SUMMARY OF CALCULATIONS 
I= 1000 f.c. C1 = 2.8. 
a= 3219 f.c. Cd = 24.3 
Kn = 0.00102 gmC/I/chlorophyl1 a-grn Photoperiod=14.55·hrs. 
10 = 10,000 f.c. Accuracy = .:!:. 0. 40 mgC/m
3 I day 
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TABLE 2 
PRIMARY PRODUCTION IN KATTEGAT, DENMARK RECORDED 
ON DEC. 25,1954 • DATA FROM STEEMAN-NIELSEN (1958) 
Depth Light Intensity Pd.mary Production 




0 2000 6.469 6.469 
1 1148 6.000 6.236 
2 659 5.294 5.705 
4 217 3.647 3.571 
6 72 1_.,,411 0.837 ._,·) 
8.3 20 0 0.025 
.. SUMMARY . OF . CALCULATIONS 
I= 1000 f.c. Cd = 4o 
a = 2500 f.c. Photoperiod=9.45 hrs 
Kn= 0.000687 gm/I/chlorophyll a-gm Accuracy = 0.2204 mgC/m3day 
I
0 




































Figure5. Comparison of measured in situ photosynthesis 
with predictions from the model. Data from 
Tables 1 and 2. 
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'l'ABLE 3 
PRIHARY PRODUCTION IN Ttm SARJ.ASSO SEA OFF BERiviDDA 
RECORDED IN 1960, DATA FROM RYTHER (1960) 
D€pth Light Intensity Primar3 Production Primary Production 
-(meters) (foot candles) ( mgC I m I day) . · calculated using 
·m.adel 
0 10000 18.702 18.72 
5 7943 24.735 23.19 
10 6309 27.99 27.84 
15 5012 29.20 29.20 
20 3981 28.95 28.81 
30 2~512 26.30 25.78 
4o 1;585. 20.15 20.15 
60 630 8.92 6.38 
80 251 3.14 3.18 
100 100 0 0 
-£.~1ARY OF CALCULATIONS 
l ~;: 1000 f'.c. 
~!II: ~012 f.c. 
Kn ;:: 0,0023 gm/I/chlorophyll a~gm 
I 0 i= 10000 f.c. 
Cd = 20 
Photoperiod = 12.50 hrs 
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Figure 5. Data 
-- .................... 
I I 
16 18 20 22 24 








PR:U1ARY PRODUCTION IN SOUTH CHINA SEA RECORDED IN 
MAY, 1957, DATA FROM STEEMAN-NIELSEN (1959) 
.Depth Light Intensity Primary Production Primary Production 
(meters) (foot candles) (relative (Calculated using 
photosynthesis) Hodel relative 
J:)botosynthesis) 
0 10000 ·49.9992 50.4972 
1 9261 61.0548 58.0668 
4 7356 83.9628 79.58o4 
6 6309 94.7196 90.8850 
9.6 4786 99.6 99.6 
12 3981 98.9924 99.1318 
18 2512 93.9925 94.873 
24 1584 85.9946 82.6580 
30 1·6oo 69.9988 66.0746 
36 630 34.0034 45.4275 
42 398 15.9957 24.9298 
48 251 7.9878 9.5416 
54 158 3.9939 1.992 
60 100 3.5856 0.1892 
SUMMARY OF CALCULATIONS 
I= 1000 f.c. Cl = 3.9 
a= 6309 f.c. Cd = 35 
Photoperiod = *·***** 
1
0 
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:F':igure 7. Same as Figure 5. Data from Table 4. 
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PRIMARY PRODUCTION IN THE HEST COAST OF AFRICA 
RECORDED IN 1952. DATA FROM STEEMAN-NIELSEN (1954) 
Light Intensity Primary Production 
(meters) (foot Candles) 
Primar~ Production 





















SUMMARY OF CALCULATIONS 
I = 1000 :f.c. 
a= 4291 f.c. 
Kn = 0.000665 gmC/I/chlorophyll a-gm 
I
0 












Cl - 10 
Cd = 22. 
Photoperiod= 14.55 hrs. 




































1• 2 3 4 5 6 7 8 9 10 
mgC/m3/Day 
Figure .8, . f.:)ame as Figure. 5. Data from ':['able 5. 
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'J'he errors of estimation for all the examples shown are below 
5% of the maximum photosynthetic production. The growth 
coefficient in the model Kn, gives a comparable idea of the 
environmental conditions affecting the primary productivity 
in the measuring period. Differences are -probably due to 
differences in nutrient levels. From review of the examples it 
is seen that ·the highest gt'owth coefficient occured in the 
Sargasso Sea off Bermuda. In addition the light sensitivity 
coefficients, Cl and Cd, indicate the degree of sensitivity to 
lightness and darkness. For example in comparing Table land~' 
Cd equals 24.3 in the first, and 40 in the second. Thus, the 
· phytopla.nkton population measured in December Table 1, is less 
sens:i.t.ive to high light intensity than, the population in May, 
Table 2. In other words, the sensitivity scale changes inversely 
with Cl and Cd. The greater the value of. ei.ther coefficient the 
less is the sensitivity to high or lmv light 'intensity. 
DETERMINNI'ION OF COMPENSATION DEPTH 
The model presented in the previous section can be used to 
estimate the compensation depth. The compensation depth is 
defined as that depth within the water column where oxygen 
evolution by photosynthesis is equalled by oxygen consumption due 
to respiration of the organism. Thus,plants can photosynthesize 
to some extent below this depth. 'I'he compensation depth can be 
of ':.J"J.ter, tbe size of the 1)hyto':'l:.=mkton po:r,m1ation, and ,,reather 
conditions. pu~ticularly ~loudlne~s and wave ~etlan. 
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Steemann-Nielsen (1956) stated that a constant photosynthesis 
to respiration (Ps :R) ratio of 10 ;1 occurs for a light-saturated 
population of phytoplankton. Observations showed that respiration 
was b~tween 6-10% of maximum photosynthesis. Ryther (1956) noted 
that the Ps:R ratio varies depending upon the state of nutrition 
of the algae. During exponential growth, Dl.inaliella exhibited a 
Ps:R ratio of 12.1:1. Under poor conditions for photosynthesis 
the ratio may drop to 1.4:1. 
The photosynthesis to respiration ratio strongly affects the 
compensation depth. Generally, the compensation depth varies with 
Ps:R ratio. Marshall and Orr (1930) worked on the single species 
of diatom, .Qorisinosi~ J2.2l:;ychcirda. They found the compensation 
point to lie at about 20~·30m in summer, wheras it was much higher 
in \linter ~lith reduced light intensity. Jenkin (1937), working 
in the English Channel on the diatom CosCiriodiscus excentricus, 
obtained a compensation depth at about 45m, the difference being 
probably due to different photosynthesis respiration ratios or 
different environmental conditions such as light intensity or 
water transparency. Estimation of production in Conscinodiscus 
was related to ligh~ energy values. Jenkin found that the 
compensation point was equivalent to about 0~55 joules/cm2/hr. 
Rustad (1946) using a culture of Skeletonema found a compensation 
ranging widely from 2.5-12m for the Oslo Fjord. 
For the purpose of understanding the parameters which affect 
compensation depth and predicting it, the original model 
(equation 1) is recalculated as shown below. At compensation 
depth, respiration is equal to photosynthetic production. 
Therefore we set Rp, the respiration r?-te at a given temperature 
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equal to Pp, the photosynthetic production as given in equation l. 
We now solve for z, which will give the compensation depth, 
- ln (Rp/Kn'I)) = (Iz -a) I (I·C'Iz) 
(I·C·(-ln(Rp/(Kn·I)))·Iz=Iz2-2aiz+a2 
Iz2 - (2a-I·C·ln(Rp/(Kn·Iz)))·Iz+a2=o 
-az = ln(l/I )·Iz 
0 
z = -1/a(ln(l/I0 )·Iz) 
Values for Iz to be used in solution for 2, should include only 
negative values within the square root sign in the solution of the 
above quadratic equation. 'l1his is because it is the negative 
values of the enclos~d terms that incorporate the necessary low 
light sensitivity coefficient, C. It is seen'that some estimated 
respiration rate of the phytoplankton is needed to determine z. 
Of the five sets of data used to test the photosynthesis model, 
only one, that of Nielsen ( 1954) provides data on respiratj:on 
rate. In his example: 
Surface light intensity - 10,000 f.c. 
Light intensity at saturation = 4291 f.c. 
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Growth coefficient = 0.00931 
Light extinction coefficient = 0.10443 
Light sensitivity coefficient = 22.0 
Respiration rate = 
. . 3 
1.98 mg.C./m /hr. 
Solution of the equation for compensation depth estimates 
it at 30 meters. Unfortunately th.ere is no way of confirming 
this estimate against empirical data. This could be done· with 
appropriate in situ observations . 
. ~' .· ' 
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PART II 
A MODEL OF SEASONAL CHANGE TN PRIMARY PRODUCTIVITY 
WITH EMPHASIS ON PREDICTION FOR 
TOMALES BAY 
Data on factors affecting primary production in Tomales 
Bay and information from the literature is combined to produce 
a mathematical model that· can be used to simulate seasonal 
changes in primary production in this region. An estimate of primary 
production for the summer is calculated. 
ASPECTS OF PRIMARY PRODUCTION IN TOMALES BAY 
Inthis section information and models associated with 
studies of primary production in Tomales Bay is presented, including 
some mathematical models for the description of fluctuations in 
some parameters affecting primary productivity. Repeated direct 
measurements of prin1ary production in Tomales Bay could not 
be done with the facilities available. Measurements of primary 
production using light and dark bottle methods were made but 
were too unreliable to report. The source of error was the accUlllula-
tion of large amounts o'f floating detritus, mostly seaweed and eel-
grass, that accUlllulated on the suspended bottles during the course 
of fielcl experiments. This greatly affected the amount of light 
entering the uncovered light bottles. Consequently, proqucti0n 
was greatly- underestimated. Furthermore, accUlllulation of detritus 
Oh the bottles was so rapid that frequent raising and clearing of 
the bottles was not sufficient to overcome this difficulty and the 
movement of the bottles resulted in an additional source of error. 
Nevertheless, it was possible to obtain an estimate of sUlllllier 
primary production in the bay using the model presented in the previous 
section and a series of experiments designed to estimate some of 
the important variables. 
In the follmving section information on vertical distribution 
of plankton, changes in water transparency, interrelationships 
between phytoplankton production and oxygen and carbon dioxide levels, 
and other data are presented. 
VERTICAL DISTRIBUTION OF PHYTOPLANKTON 
Relative phytoplankton abundance at a particular place and 
time can be estimated from measurements of chlorophyll concentration, 
mainly chlorophyll a. 
Vertical distribution of chlorophyll at Lawsons Landing were 
measured using 90% acetone extracts of c~lorophyll a and model III 
Turner Fluorometer. 
A modification of the method of Lorenzen ( 1966 ) has been 
developed to estimate chlorophyll concentration. Extracts of 
chlorophyll were concentrated in the following manner. A 250 ml 
sample of sea water was filtered through Whatman GFC 47 mm Glass 
Paper which was then pushed into the bottom of a test tube. The 
test tube 1-ras carefully washed with 10 ml of 90% acetone and eluted 
for 1-2 hours. The 0.2-2.0 ml of extract was taken from the test 
tube. and put into the fluorometer cuvette. Acetone was added to make 
up exactly 5 ml in the fluorometer cuvette. 
Fluorescence was measured with a cs-5.-60 filter for excitation 
vavelengths, and a· .cs-2-60 filter for emission vravelengths. In 
addition, the UV lamp was replaced by a blue lamp. The orfifice.size 
was set for normal processing. The concentration of chlorophyll was 
noted before and after acidification with 2 drops of HCL. A modifica-
tion to the formula of Yentsch and Menzel (1963) has been applied to 
calculate the chlorophyll concentration; 
li'o/Fa max (Fo-Fa.) K D Vol ext. (cm3)/x 
ch~orophyll mg/m3 or mg/L = 
(Fo/Fa max-1) 1000 Vol. filter (L•) 
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where K = the specific absorption coefficient which is the relation-" 
shi:P.· bet1veen the optical density and the weight of pigment 
in the extract, the value used for Tomales Bay is 68. 
D = the ratio betw·een fluorescence reading and optical density. 
The value applied for Turner III flourometer is 0.0015. 
Fo = Fluoresence before acidification 
Fa :.::: Fluoresence after acidification 
Fo/Fa max = maximum acid factor which can be expected in the 
absence of phaeophytin. 
The vertical.distribution of phytop1ankton was examined by 
collecting the w·ater samples at various depths from the surface 
to bottom, in VanDorn bottles. Temperature was recorded by insert-
ing a mercury thermometer in the bott1e. Salinity was measured 
vi th a refractometer. Water density was cal.culated from the temp-
erature and salinity data. Repeated samples were taken at each 
depth. Chlorophyll estimations for two times are shown in Figures 9 
and 10. Generally no significant difference in phytoplankton 
concentration at different depths was found. However, the uppermost 
layer tended to show a slightly higher chlorophyll concentration 
than the layers below· it. This is probably due to surface phyto-
plankton having higher productivity·. Slight 'Vertical stratification 
is found during the daily high tide. The results suggest that 
vertical phytoplankton sinking was not important in this area in 
determining phytoplankton concentration at different depths to strong 
tidal current. 
April 17 ~ 1973 
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Chl a gm/m3 0.2 l . I t I + 1 
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Figure 9. Vertical distribution of chlorophyll a¥ Lawson's Landing, Tomales Bay. 
Horizontal bars are means. Vertical bars are 95P confidence limits. ' 
July l, 1973 
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Figure 10, · Same as Figure 9 
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Monthly phytoplankton production was examined at 45 different 
stations in Tomales Bay in cooperation vri th Mr. Eric Elliott of the 
Pacific Marine Station; ·complete results will be reported by Mr. Elliott. 
·Tentative results showed no correlation between nitrogen level and 
phytoplankton production. The head of the Bay appears to have sig~ 
nifigantly higher chlorophyl1 contents than the mouth. 
EFFECTS OF PHYTOPLANKTON PRODUCTION ON OXYGEN LEVELS AND PH --.. ---
Observations on the dynamics of daily phytoplankton production 
have been made in the algal culture tanks of the Pacific Marine 
Station. The purpose of these observations has been to confirm 
expected relations between phytoplankton production and chang~s 
in carbon dioxide levels of seawater. Data on changes in l~ght 
intensity~ te:nperature, pH and dissolved oxygen in one of the culture 
tanks <.Yas obtained :f:'or March 31, 1973 and April 14, 1973. Light 
intensity·was measured with a photometer, temperature with a mercury 
thermometer, pH with a standard meter and dissolved oxygen with a 
YSI model 54 oxygen meter. The results are summarized in Tables 6 
and 7. 
Carbon dioxide concentration is closely related to the pH. 
The pH varies with the amount of dissolved co2 , the partial pressure 
of molecular C02 and the amount of carbonate and bicarbonate ions. 
'11he interrelations are described by Buch (1939). ·Carbon dioxide 




and carbonic acid, all in equilibrium with each 
other and with the hydrogen ions present. This can be shoWn· by the 
formula: 
.._ __ --..... 
If co
2 
is removed from sea water by assimilation by phyto-
plankton, or physically by having co2-free air blown through it, 
the bicarbonate ions change to carbonate as the molecular co2 in 
solution diminishes and its partial pressure declines, As a result 
weak acids, primarily boric acid in solution dissociate and the pH 
increases. This suggests that clJ.anges in the pH of marine waters 
#;,•} . ~ 
can be affected by changes in the partial pressure of C02 , the 
.le.tter itself being subject to removal· by photosynthesis. The 
relationship between the partial pressure of co2 and pH is shown in 
Figure 11. 
The total C02 in solution at a ]:articular pH decreases by 
a.bout 1% p~r--increase of l °C. in tempere.ture. The partial pressure 
of C02 in solution at a particular pH increases about 1% per increase 
of l °C., the total C.0 2 and partial pressure of co2 at particular 
values of pH are shown in Table 8. 
In the P.MS culture tanks the amount of oxygen is directly 
related to the amount of photosynthetic production. The greater the 
amount of oxygen, the greater is the amount of photosynthesis. It 




ATM x105 120 
80 
40 
l:;;-L _ _,_~1~.;.----~1~- ~---L-
7.4 7.6 7.8 8.0 8.2 8.4 
P.H. 
Figure 11. Relationship betweenpH and partial pressure 
of C02in sea water 
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levels: of co2 woul'd be correspondingly low, and this would be 
reflected in higher pH values. Low oxygen levels would be 
associated with higher C02 and therefore lower pH. The PMS algal 
culture tanks show the expected inverse relationship between 
oxygen l.evels and co2 levels as indicated by increses of the pH 
with higher oxygen levels (Tables 6 and 7, Figures 12 and 13). 
The times of o2 and co2(pH) maxima and minima can be observed 
from the graphs. 
From the foregoing results it is expected that in sufficiently 
homogeneous water in Tomales Bay, that is water that is not 
excessively affected by mixing with water from outside the bay, 
the pH should change in response to changes in photosynthetic 
e.ctiv:L ty. The extent and rate of pH changes could be USE?d to 
monitor changes in photosynthesis. This would be a relatively 
simple and inexpensive method of measuring daily cycles in 
prod.uctivity and it would probably be most applicable to the 
lower parts of the bay and not at the mouth. 
Water Transparency and De~h of the Euphotic Zone in Tomales B~ 
Monthly phytoplankton productivity will ·be affected by water 
transparency and consequent changes in the depth of the euphotic 
zone. Secchi Disc readings were made two or three times per month 
at Lawson's Landing between July 1972 and June 1973. Reading ·Here 
usuall.y taken between 10 AM and 2 PM. Although photometer measure-




Time Light Intensity 
x 100 f.c. 
6.30 PM 9.5 
1.30 PM 5.6 
8.30 PM 5.6 
10.30 PM 5.6 
12.30 PM 5.5 
4.30 AM 5.5 
6.30 AM 13.9 
8.30 AM 15.5 
9.30 AM 16.0 
10.30 AM over 16.0 
11.30 AM over 16.0 
12.30 AM over 16.0 
1.30 PM over 16.0 
2.30 PM 16 
3.30 PM 15.2 
4.30 PM 14.0 
5.30 PM 13.6 
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Figure 12, Changes in oxygen, pH, temperature and light 
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sufficiently accurate to be useful as input into any.model of 
production in the bay. 
The extinction coefficient can be approximated from Secchi 
Disc data from the expression 
K = l. 7/D 
where K is the extinction coefficient and D is the Secchi 
Disc reading. The observations are summarized in Table 9, 
where monthly average extinction coefficients are tabulated. 
The extinction coefficient ranged from 0.51 to 2.26 in the 
Lawson 1 s Landing area of Tomales Bay. The minimum occured in 
October and the maximum occurred in February during a raining 
period. Generally, the coefficients were high from March to 
June. Extinction coefficients are probably always high during 
raining periods because of the transport of sediments from the 
coast. 
Ryther (1963) reported that temperate northern parts of the 
oceans have extinction coefficients between 0.1 and 0.2, The much 
greater extinction coefficients observed here are characteristic 
of coastal areas. The higher values for coastal areas can be due 
to two sources: Greater amounts of suspended sediments and detritus 
and higher densities of plankton. Since the area north of Hog 
Island is dominated by tidal currents, the high extinction 
coefficients are probably due to sediment transport. Irt addition, 
there is also a dissolved organic "yellow substance" of unknown 
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composition in Tomales Bay water which may contribute to 
absorption of light. 
Ryther (1963) defined the euphotic zone as the water layer 
above the compensation depth. The latter is a function of 
incident radiation and water transparency. The compensation depth 
changes throughout the day and has no meaning at night. It is a 
misconception to consider the compensation depth as being constant 
for a given extinction coefficient of water. However, for convenience, 
the euphotic zone may be defined more liberally as the maximum depth 
at which plant growth may occur under clear skies with the sun 
overhead. 
Precise estimates of compensation depth can be obtained using 
the previously described model. However, since there is no reliable 
primary production data at different depths for Tomales Bay, Ryther's 
(1963) definition is used to calculate the depth of the equphotic 
zone. In this case it is that depth to which 1% of the visible 
incident light penetrates. Seasonal changes in depth of the euphotic 
zone are summarized in Table 9. 
Steemanrt•Nielsen and Jensen (1957) demonstrated that organic 
production beneath a Uhit of surface area is inversely proportional 
to the depth of the euphotic zone. However, this is only to the 
extent that increased turbidity is due to increased cohcentratioh 
of the photosynthetic organisms. Riley (1956) h~s dete~ihed 
empirically th~ relationship between transparency and phytoplankton 
density; which is expressed in units of chlorophyll; in regions 
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where he assumed light absorption by material other than water and 
plants to be negligible or constant. His expression is 
K=o.o4 + o.oo88c + o.o54c0· 667 
Where C is chlorophyll in micrograms per liter and 0.04 is the 
extinction coefficient of pure sea water. The coefficients were 
estimated from observations in Long Island Sound. However, this 
can be applied to the Tomales Bay area to estimate the relative 
photoplankton production. 
A Model of Seasonal Change in Light Intensity and Photoperiod 
Since light intensity directly affects primary production 
daily changes in light intensity and photoperiod are needed. 
Changes in light intensity can be calculated from an 




(t) = I 0 ·(maximum)·0.5 (1 + cos((2p/lm)t;)) 
in which t is measured positively or negatively with regards to 
zero time taken at local mid-day(and pis pi.) I~(max) is the 
incident surface light intensity at zero time. The photoperiod 
(lm) is measured in the same units as t. Curves for hourly 
changes in light intensity for a summer and winter day in the 
Tomales Bay region are shown in Figure 14. 
The photoperiod may be calculated from the equation 
where C~ and c2 are constants for different latitudes obtained 
from best fits to available photoperiod data. For the Tomales 
Bay region c1 = 2.65 and c2= 80. In the above equation td :ls 
the time of day. The empirical data and calculations for 




Seasonal changes in extinction coefficient and euphotic 














































































25 14 .. 20 
30 14.12 
Model Date Data Hrs. · 
9.31 Aug.4 14.03 
9.35 9 13.53 
9.40 14 13.42 
9.46 19 13.32 
9.52 . 24 13.20 
10 29 13.10 
10.9 Sept.3 12.58 
10.18 8 12.45 
10.28 13 12.34 
10.40 18 12.22 
10.51 23 12.09 
11.3 28 11.57 
11.16 Oct.3 11.44 
11.29 8 11.33 
11.42 13 11.21 
11.55 18 11.08 
12.8 23 10.56 
12.22 28 10.46 
12.35 Nov.2 10.35 
12.48 7 10.25 
13.1 17 10.04 
13.13 22 9.57 
13.25 27 9.49 
13.37 Dec.2 9.43 
13.47 7 9.38 
13.57 12 9.35 
14.06 17 9.32 
14.15 22 9.32 







































































Figure 14. Light intensities in the Tomales Bay region at different time of the year 


















































A Model of Seasonal Temperature Fluctuation 
Temperature is not important as a limiting factor in 
phytoplankton growth when light is limiting (Rabinowitch 
(1945). However, temperature changes operate by varying the 
carbon/chlorophyll ratio but not the photosynthesis/chlorphyll 
ratio (Steele, 1962). Moreover, temperature would affect 
respiration rates of plankton and an equation for seasonal 
change in water temperature would be an important feature of 
any predictive model of primary production. For purposes of 
modelling Tomales Bay an empirical relation was derived. It is 
based on fitting trigonometric functions to Pacific Marine 
Station Weather Station seawater temperature data. Inspection 
of data from 1966 - 1971 showed that little day to day variation 
occurred and a stable seasonal pattern was observed. The best 
fit equation for mean daily temperature is 
TM = 13.11 - 2.llcos(2pt/365) - 3.2lsin(2pt/365) 
where TM is temperature in °C, t is time in days and p is the 
constant pi. The fit is based on use of mean daily temperatures 
for the 6 years of data mentioned .. The equation can be adapted 
to other parts of the bay or other regions simply by adjustment 
the appropriate i:iumerical constants above to provide the best 
fit to the data. 
Using the above model, minimum temperatures occur about 
February 16 of the year at about 9.3°C, and maxima of 16.93°0 
occu:r on July 16 of the year. 
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SUMMER PRIMARY PRODUCTIVITY IN TOMALES BAY 
AN ESTIMATE 
Laboratory estimates of photosynthetic production of 
phytoplankton from 1'omales Bay were made using the light and 
dark bottle technique. Production response to different light 
intensities was measured using the modified Winkler technique of 
Carpenter (1965). Water was collected from Lawson's Landing on 
July 7,1973 and passed through a cotton filter to remove the 
zooplankton. The water and remaining phytoplankton was placed 
in bottles in 20 liter aliquots. The bottles were then sealed 
and placed at different light intensities for a period of two 
hours. This short time was necessary to minimize the effects of 
bacterial action on oxygen levels. All the bottles were kept 
in the same room temperature of 20°C. The results were as follows: 
Light Intensity Photosynthetic Production 
in foot candles in g.O/m3/hr 
rz0 = 2500 16.8 
Iz1 = 1100 B.o 
Iz2 = 750 2.0 
rz 3 = 0 0 
The gross oxygen production can be converted to organic 
carbon equivalents using the relation 
C = 0.375·(gross oxygen concentration) 
The number 0.375 is the ratio of molecular weights of carbon 
to oxygen. The actual production is determined by dividing C by the 
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ratio of molecules of oxygen released in photosynthesis to 
molecules of carbon dioxide assimilated. The ratio suggested by 
Strickland (1960) is 1.2. Transformation of the data in the 
preceding summary of photosynthetic production at different light 
intensities is necessary to calculate primary production in gram 
carbon equivalents. The measurements of production obtained in the 
preceding experiment can now be used to calculate primary production 
by applying the model described in Part I (equation 1). Cd and Cl 
can be determined using the data for photosynthetic production at 
different light intensities. Thus, if we set Pp1 = 8.0 and Pp2 =2.0. 
Then, using the model, we have 
2 Pp1 = Kn I exp(-(Iz1 - a) /(Cd I Iz1 ) 
Pp2 = Kn I exp(-(Iz2 - a)2j(Cd I Iz2 ) 
= 
2 2 2 2. 
-Iz2(Iz1 - 2Iz1 + a ) + (Iz2 - 2aiz2 +a )Iz1 
Cd I Iz1 Iz2 
CD 
We can now use the appropriate values for Iz1 and Iz2
,Pp
1 
and Pp2 to calculate CD, which in this instance is 0.976. In 
the above calculation I = 1000 f.c. as determined previously, 
a= 2000 f.c .. as suggested by Talling (1960) for the California 
coast. 
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Cl is calculated similarly. For this case it is 10.0. 
To calculate primary production,estimates of light at the 
surface and the extinction coefficient are needed. The surface 
light intensity measured with a photometer at Lawson's Landing 
on July 7, 1973 .was 12,000 f.c. The extinction coefficient on the 
same day was 1.13. 
Finally, in order to apply the model, a calculation of Kn, 
the growth rate is necessary. This is obtained by solving the 
model for Kn and using appropriate estimates of the other variables. 
Thus, 
2 -1 
Kn = Pp(exp(-(Iz1 - a) /(Cd·I·Iz1 )·I) = 2.5/(0.4719•1000) = 0.0053 
The depth of the euphotic zone is given from calculation of 
ln(Iz/I)/-(extinction coefficient) which in this case is 4 meters. 
Gross production can now be determined by entering all the 
coefficients that have been determined into the basic model. That 
is, production at depth z is given by 
Pp = Kn I exp(-(Iz •a) 2/(I Iz C) 












2 7.1126 gC/m /hr) 
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Thus, the estimated production under one square-meter of 
water in the vicinity of Lawson's Landing in Tomales Bay on 
July 7, 1973 was 7.1126 grams carbon per square meter per hour. 
In this calculation it is assumed that the phytoplankton 
population was distributed homogeneously with depth. Measurements 
of distribution of chlorophyll at different depths recorded 
previously support this assumption. 
The estimation of production in Tomales Bay appears to be 
quite high in comparison with summaries of data listed in 
Raymont (1963). The summer production in the upper 4 meters 
in localities for which data is summarized in Tables 1 and 3, 
is 1.405 and 3.46 gC/m2/hr. These figures were obtained by 
summing production to the desired depth and dividing by the 
photoperiod. The Tomales Bay estimate of 7.1126 gC/m2/hr is 
quite high. This suggests that primary production in the bay 
may be quite high in spite of the rather high extinction 
coefficients. Comparison with the Kn values listed in Tables 
1 - 5 shows that the Tomales Bay of Kn ~ 0.0053 is unusually 
high. Therefore, it is possible that the high productivity is 
due to high nutrient levels. As expected, calculations of 
sensitivity to low light intensity was high for the summer 
phytoplankton species. 
Bstimates of phytoplankton productivity over several 
seasone of the year in Tomales Bay could be made using the methods 
desc~ibed in this section. However; it would be necessary to obtain 
water samples from many areas in the bay, in conjunction with 
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estimates of extinction coefficients. Growth rates and other 
constants could be estimated in the laboratory rather than by in 
situ methods. It would nevertheless probably be simpler to 
use radiocarbon methods of estimation in the laboratory. 
However, in the abs'ence of the expensive equipment necessary 
for s.uch measurements, this method is quite feasible when 
inexpensive estimates are required. 
FACTORS AFFECTING PHYTOPLANKTON PRODUCTION 
Solar radiation and spectral composition 
Action spectra of marine phytoplankton show that only radiation 
within a certain range is photosynthetically active. Thus, 
consideration must be given to the spectral composition of sunlight. 
According to MacDonald (1951), the wavelengths that come through 
the atmosphere in appreciable intensities range from 380 to 2900mu, 
{which includes the most infrared and most of the visible light.) 
The spectral composition of light reaching the earth from the sun 
and sky is influenced by the height of the sun, amounts of water 
vapor, dust in the air~ and other factors. It is of interest to 
know what proportion of the incident radiation is photosynthetically 
active. 
Kimball (1924) shows that with clear sky and high sun, 
visible light is approximately half the total incident radiation, 
with low sun and clouds the proportion of visible light is lower. 
The exact fraction for any given set of conditions will depend upon 
what limits are taken as representing visible light. The suggestion 
has been made that the photosynthetic active light is within the 
range of 400-700 mu. (Rabinowitch,l951). The intensity of solar 
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radiation reaching the surface of waters from the sun and sky· 
varies. ':Phe most widely· accepted value of the solar constant is 
1.94ly/min. However, the intensity of solar radiation reaching 
the surface is affected by air density and precipitable water 
vapor. (Fritz, 1951) Fritz· repbrt·s that when the edge of a cloud 
approaches near the direct solar beam, the intensity of the 
radiation measured on a horizontal surface on the ground may 
exceed 2 ly/min. This is caused by a combination of direct 
radiation, plus radiation scattered downward through the 
edge of the cloud. It has been observed that solar radiation 
in the Tomales Bay area may be greater on partially cloudy days 
than on clear days. 
lie;ht intensity affeetin£....:E.l]Y.t<2.I0-ankton gr?"Wth 
'l'he seasonal cycle of primary productivity in the sea 
usually presented consists of a high production in the fall and 
low production in 1rinter ( Raymont ,1963) . Low production in 
summer generally is the result of a stablilzed water column 
which inhibits resupply of nutrients to the surface waters. The 
winter low production is the result of decreasing solar radiation 
and increased depth of mixing. (Small,Curl and Glooschenko, 1972) 
In the Tomales Bay region, in which a strong tidal current occurs 
during the lvhole year, nutrient concentration can remain high, 
primary productivity is probably largely a function of solar 
radiation. 
The effect of solar radiation ori marine phytoplankton 
>vas studied by Tailing ( 1960) in California waters. His results 
show·ed a steady rise in oxygen production with increasing light 
intensity at relatively low intensities, but at a mean value of 
~0; ... 
about 5000 lux( 4 50 f. c.) photosynthetic rr-,_te began to level off', 
and light saturation appeared to occur at :intensities of 24000-
27000lux (2200-2500 f.c.) Different species of phytoplankton 
show differences in their light requirements. Both the 
compensation intensities and saturation intensities vary betifeen 
species of algae and depend also on the physiological state of 
the algal cell. Coscinodiscus and Biddul'phia for example, 
became light saturated at about 1200 f .c. , whereas Gonyaulax 
may be saturated at only 800 f.c. According to Steeman-
Nielsen, inhibition occurs for natural boreal plankton at about 
2150 f.c. However, tropical plankton species may show saturation 
-.at intensities exceeding 3CYOO f:~ Elster (1965) observed that 
maximurn n~lativ8 as;:Jimilation rates were frequently found at 
6000 ·- J.ODQO lm:. 'I'he lowest saturation light intensity was 
smaller by one order of magnitude, but even in this case there 
was a decrease of assimilation rate tow-ards the surface. The 
highest light intensity at which a maximum of' relative 
assimilation rate could be detected was 35000 lux. Elster 
suggested that the quality of the radiation at the surface of 
the water might be more essential than its ab_solute quantity. 
Short wave length radiation is probably of special importance. 
Mdutire (1964) stated that the relationship between illumination 
intensity and primary production 1-ras approximately linear ~ehreen 
zero and 4000 lux, and the maximum photosynthetic rates were 
obtained at about 21000 lux. In addition, gross primary production 
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of oxygen per m'-- _per day, respiration ·ranging from 1.6 
- f) 
to 4.2 g.of oxygen per m~ per day. 
Steeman~Nielsen and Hansen (1959) commented on adaptations 
to light intensity shmm by phytoplankton species from different 
oceanic habitats. They reported that the rate of photosynthesis 
per unit of chlorophyll increases with light intensity at 
approximately the same rate for a variety of marine phytoplankton. 
However, light saturation occurs at very different light 
intensities for shade species,arctic surface-living species, and 
tropical surface species, respectively. Also the rates of 
photosynthesis per unit of chloro:ohyll at light saturation-intensities 
differ greatly in the several groups of phytoplankton. Steeman-
Niels2n (1952, 1954) stated that in tropical water there is 
generally some inhibition of photosynthesis in the uppermost 
layers. The depth for maximum photosynthE;sis is about 10-20m. 
belo·w the surface, after which production falls off. When the 
incident light is obscured by clouds there is a general rise of 
phytoplankton towards the surface of water. Riley (1939) 
reported 10-15m depth for maximwn photosynthesis in the region 
of Tortugus. Currie (1958) has also shown that the maximum 
carbon assimilation per day in areas off the Portuguese coast 
is at the depth of 10-20m. 'rhe rate of photosynthesis generally 
was greater at inshore stations than :1.n oceanic waters but, 
effective light penetra~ion was far deeper in ocean waters. 
.. 6() .• 
'• 
Endogenous metabolic activity affects phytoplankton growth. 
Soeder ( 1965) demonstrated that growth of Chlorell~ can be 
completely synchronized by a natural light and dark regimen. 
The life cycle of Chlorc=J-J:a was complete.d by the synchronous 
liberation of several or many new autospores, showing up as 
a sudden steep increase in cell number and a concomitant 
disappearance of autospore mother cells. The increase of 
dry weight of _Chlorella vras exponential for 14 hours of the 16 
hour light period. The metabolism and cell development of 
.Qhlorella were strongly correlated. Ried, Soeder, and Miller 
(1963) reported that the variation of 02 uptake are great. 
Levenzen {1959) and Metzner and Lorenzen·(l960) reported 
that ~.·.be phyi:.opla:r.ktc:m photosynthetic activity changed regularly 
under stable conditions, F'or this reason, activity changes per 
1L.'1it of chlorophyll are not likely to be proportional to the rate 
of oxygen evolution per unit of dry weight. The resistance of 
phytoplankton to high light intensity depends on the developmental 
stage of the cells (Sorokin, 1963, Soeder, 1964). Strong illum:.. 
ination is known to damage the photosynthetic system in algae 
adapted to low light intensities. (Steeman-Nielsen, and Park 
1961-t, Torgensen, 1964) Light injury at the sensitive stage 
occu:r·s at cc:·:lpc.'.Jn. ':i V<.:ly lm-r light intensities, and causes a 
considerable loss of photosynthetic activity, ( Soeder, 1965). 
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phytoplankton grow-th. For exrunple, changes from bright to 
cloudy weather produced prolongation of generation time from 
22 to 46 hours Soeder (1965). In general, it may be concluded 
that there are three different types of response to solar 
radiation in the phytoplankton connnunity regardless of 
taxonomic position. These are: (A) Active organism.-cell 
mLl!lbers increase, division rates exceed losses from sinking 
and grazing. Activity is strongly anabolic. (B) Neutral 
organisms-cell numbers are more or less constant over a 
given period of time. Activity slightly·anabolic, not leading 
to significant positive or negative changes of total planktonic 
biomass. (C) Inactive organisms-Resting stages, degenerating 
or decaying algae. Cell numbers mostly decreasing. Activity 
mo:ce or less cata·bolic. 
Temperature 
Water temperature may be either an indirect controlling 
factor or a·lethal factor. It controls the rate of metabolism 
and affects the growth of phytoplankton indirectly. There is 
however, a distinct lack of correlation between temperature and 
production for algae have the ability to adapt to wide fluctations 
in temperature ( Steeman·-Nielsen, 1955) . . It has been demonstrated 
that any increase of photosynthesis due to higher temperature can 
occur only in the presence of relatively high light intensities which 
are not u.:::uD.l.ly C::X}X:Tic:;Jccd 1:Jclm-r -~he fjlJl'face in the Gea 
(Rayrnont 1967) Phytoplankton can oc.cur in ali the seas 
of the viOrld, and it has long been known that some limited 
growth of diatoms may even occur under an ice.layer. 
Braarud ( 19.35) emphasized that rapid produc.tion of diatoms 
occured about June in the extremely cold waters of the 
Denmark Strait, off Greenland, as soon as the ice melted. 
This outburst of growth was independent of temperature. 
Hart (1931+ ,1942), has called attention to the same happening 
in Antartie: regions. Very rich phytoplankton growth occurs 
over enormous areas of the ocean at temperatures ranging from 
about 2°c to less than -l0 c. It seems unlikely then that 
temperature .has a direct effect on phytoplankton growth, 
though changing temDeratures in the spring might still initiate 
the phytoplankton outburst. Moreover, Marshall and Orr (1930) 
have studied the time of the spring outburst over several 
years in Loch Stri vi:m, and although they found some small 
variation in the time of the beginning of phytoplankton grov1th, 
these variations did not seem to be correlated with any precise 
sea temperature being recorded. 
Torgensen and Steemann-Nielsen(l965) state that a 
considerable drop in temperature can be partially counteracted 
by an incre::u:dng concentration of all cnzyrnes in the phytoplankton. 
In some cases the effect of lowering the temperature is fully 
compensated by increasing enzyme content. The rate of light 
,_,at urat .:;.-_:1 1']hy~;o:::.ynther;i s does not ch:Jn::--e. Sverdrup ( 1942) 
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:Light 12.m:i.tccl ccncHtiow>. 
The e;reatest influence of tem1)erature is in determining 
the composition of species that will develop in any one region 
at various pe:-'i.n<'ls of the year. In temperate areas, it is poss-
ible to find f 1.t:.ctuations of phytoplankton species composition 
during the yc.~r. In temperate areas, fluctuation of phytoplankton 
species composition dliTing the year occurs. Sverdrup (1946) 
notes that in Jche Gulf of Maine the surface temperature is to 
some extent rE'3ponsible for the change in composition of the 
phytoplankton. In spite of several workers suggesting that the 
light optima of phytoplankton species and nutrient levels can 
be important in determining the succession of phytoplankton 
species it loTOU..ld seem that temperature is a major factor. 
Scott and Chadvdck (J.924), after several years of study in the 
I;d.E;h Sea area, reported that during the winter period, when 
the density of phyt;oplankton is low, the plants are dominated 
largely by species of foscinodisc~-' and also, somewhat later 
in the winter by Biddulphia, and Mobiliensis. The spring burst 
of phytoplankton is largely characterized by species of the 
diatoms. Chaetoceras together with Thalassiostra and Landeria. 
During the summer Guemardia becomes abundant and species of 
Rhizosolenia are present. Derodomoas are plentiful mainly during 
the summer period. Peridium is abundant in May to July only. 
Ceratium, a dinoflagellate, is most abundant in June to August. 




.n a ~;ucc~::~.s1on sue h clfc> th :L s it may 
be c1aimc:<;l that temperature 1vas the chief factor in determining 
species composition. Carpenter (1971), also carried out an 
·experiment to determine the effects of a temperature increase 
on the composition of brackish-water phytoplankton populations, 
and observed that the phytoplankton species composition showed 
an increase in dinoflagellate cell concentrations in the heated 
pools averaging 5.5°c warmer than unheated pools. Also, 
phytoplankton species in heated pools were more diverse than in 
unheated. pools, These experiments suggested a high correlation 
behreen temperature and species composition. I have noted 
seasonal changes in phytoplankton species in Tomales Bay. 
DinofJ.:.?.,geJ.;bates_ and Noctiluca are most abundant in the months 
of June, July, and August, the rest of the year being dominated 
Rhj.ZQ_sclenia and S:k_~lt:;_ton~~· In the winter months Cosciri.odiscus, 
is the only abundant species. The species compositions increase 
diversity with time from the winter to the summer. 
Nutrients 
The photosynthetic production of organic matter by unicellular 
algae in the euphotic zone of the sea is also accompanied by the 
assimilation of inorganic nutrients from the surrounding water. 
-Hence, the availability of the nutrients that most frequently 
controls and limits the rate of organic p~oduction in the sea is 
a function of pl1ytoplankton g:cowth. 
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r.~c>st of th~ elements are pres en!:; 1. n the sea a.t concentration 
greatly in excess of phytoplankton needs, but some, like 
nitrogen-and phosphorous are limited and sometimes utilized to. 
the point of exhaustion by the phytoplankton. Harvey (1926) 
pointed out that the phytoplankton growth most frequently 
caused the simultaneous depletion cf both nitrate and 
phosphate from ambient seawater. Redfield, Ketchum, and 
Richards (1963) stated that inorganic nitrate and phosphorus 
occur in deep oceanic water in approximately the same ratio 
that these elements occur in the phytoplankton, and the def-
iciencies of elements in the water may drastically alter their 
ratio in the algae. Ryther (1971) found that nitrogen is the. 
critical limiting factor to algal growth and eutrophication in 
coasta1 Iaarine ·w-aters. Edmondson (1970) reported that 
phosphorus is the most important limiting element in Lake 
Washington. ·rhe abundance of algae varies in proportion to 
the phosphorus content. Thomas (1969) concluded in his 
report that nitrogen is thought to be the nutrient most often 
limiting the size of phytoplankton crop and its specific 
growth r.s.te. Silicate, phosphate,certain vitamins and trace 
metals may be growth rate l:i.mi ting in fresh water and 
possibly in the sea. Ryther (19.(1), found that the growth 
rate in the srunples enriched with phosphate was no better and 
. not so good as grm.rth in the uncnriched control cultures. 
In contrast, his high growth 
::~:1::-:rJc::~; er:riched 1dth s.n:rnom.a. 'l'!w c;rovth rate in ammonia 
was ten times or more than tbe g.rm.rth in the controls and 
phosphate enriched samples. The conclusion, according to 
·this investigation is that the primary limiting element of 
the sea is inorganic nitrogen and not phosphorus. 
Review· of the literature indicates that there are no 
available meas1urements of respiration rates of algae in situ. 
Labaratory studies have not yielded precise results, 
respiration rates varying from one species to another.· Field 
estimates of respiration rate would be difficult because the-
oxygen uptake by zooplank.ton and bacteria. would have to be 
considered (Riley, 1947). The best information was obtained 
by Riley ( 191~1) in Long Island Sound. In winter the respiration 
rate 1ras o.o2Lf ~ 0.012 mgC/day/mg phytoplankton carbon at an 
0 
average temperature of 2.05 C. Summer observations suggested 
0 
that respiration rate roughly doubled with each 10 C increase 
in temperature (Riley, 1947). On the basis of this scanty 
data. it has to be assumed that 
where Rt =respiration rate at temperature t (°C), R
0
= respiration 
rate at 0°C. vhich is equal to 0.0175 and r"-' 0.069. The value 
of the constants are provided by Riley (1941). 
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The greater Fll't of herbivcrous zooplankton tend to 
strain a relatively constant vohune of water in a given time 
·irrespective of the quantity of food Inaterial in it. Therefore 
a i'ixed proportion on the phytoplanlcton population is consumed 
in successive units of time. This is stated in the expression, 
G ~ gZ (Riley, 1947) 
\-There G is the grazing coefficient, g is the rate of reduction of 
phytoplankton by a unit quantity of zooplankton (expressed in 
3 grams carbon per m ) . 
rrhere is some question as to whether g is nearly constant 
for long periods of time or changes markedly with seasons. On 
the one hand, experiments by Marshall and Orr (1935) showed that 
increasing. temperature. Riley ( 194 7) observed that respiration 
doubled roughly with each 10°C increase in temperature. This 
imp.lies greater food requirements at higher temperatures and 
possibly therefore greater filtering rates of phytoplankton. 
However, feeding experiments by Fuller (1937) showed that the 
grazing rate for £. finmarchicus was greater at 8°C than at 
3°C or l3°C. Moreover, animals captured in the summer, when the 
natural breeding stock was dec1ining, had lower feeding rates 
than those studied earlier in the smmner. Thus, a factor 
defined by Riley as "depressed physiological state" (for want 
of a more precise term), appears to counterbalance the effects 
of hi3her feeding rate in the swmner. It is clear that the 
vhole process of grazing of phytoplankton by zooplankton 
requires more study. 
The value of g, for the purpose of modeling, must be of 
an order of magnitude to at least satisfy the minimum respiratory 
requirements of the zooplanldon population at times when the 
latter is stable. 
Vertical Mixing 
Tomales Bay, as well as any coastal marine region, is 
subject to complex transport and mixing processes. Tomales 
Bay is dominated by large scale transport of water due to 
daily tidal fluctuations. This undoubtedly disperses and 
mixes phytoplankton populations, especially because of the 
turbulent vertical and lateral flow. 
To estimate the effect of th-=se factors on phytoplankton 
distribution, a measure of the vertical mixing must be obtained. 
This can be done from knowledge of changes in some conservative 
property of the water, such as temperature and salinity. 
These changes vill procide information for caculating vertical 
eddy diffusiv:t.ty .. The mathematical term for eddy diffusivity 
was obtained from Riley (1946) and Steele (1956) as, 







A. -- the coefficient of vertical eddy diffusivity 
d - density of seawater 
p = phytoplankton concentration in layer of depth Z 
z == depth in meters 
d -- partial differential operator 
The steady-state solution for the above differential 





phyt9plankton concentration at any depth Z 
concentration of phytoplankton at equidistant 
intervals above and belOioT P , respectively 
0 . 
AJ.~A2-::- average eddy coefficients for-the depth intervals 
associated with P
1 
and P2 , respectively 
z = depth of euphotic zone. 
'I'he model developed for use in })redicting primary 
productivity in 'I'omales Bay is smmnarized below. Symbols are 
defined in the text. 
Phytoplankton Growth 




Tm = 13.11 - 2.11 cos (2pt/365)- 3.21 sin (2pt/365) 
PhotoJ?eriod 
lm = 12.10 + 2.65 sin (l/59.2(t-c
2
)) 
LigM/ Intehsi_!r . 




Z- -1/~ ln(l/I )·Iz 
0 
ResJ?iration 
Rt = Ro exp(rt) (Riley, 1947) 
Vertical Mixing 
IW == (1/Z) (A•/d(P·-P )/Z -A /d (Po - Pz)/Z) 
0 z 
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G = gz (Riley, 1947) 
The net phytoplankton primar;y· prod.ucti vi ty can be 
obtained by inserting the individual models above in the 
follmring expression 
P = F · (1 + ED)·exp (Pp- Gz- Pt},Dt 
t+l t 
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